Superhyperfine structure tensors for the 12 next-nearest ligands in CdTe:Mn2+ have been expressed in terms of molecular orbital and geometry parameters. ESR and ENDOR transition frequencies are related to the superhyperfine tensor components. An attempt is made to obtain the amount of d-electron delocalization from such relations.
p orbitals. By exammmg the relations between the resonance frequencies and the tensor components, it is possible to choose the best directions of the external magnetic field for the observation of the anisotropy. For the convenience of terminology, CdTe:Mn 2 + is used as an example in the following discussion.
The four nearest ligands (Te-1, 2, 3, 4) and 12 nextnearest ligands lb, Ie, ••• , 4a, 4b, 4e) • x" = (24)-i~ i-I
•
X2.= (8)--i~(S;a-Sih)
,-1
<l'3r= leXl+X2-X3-X.+v'J (YI +Y2-Y3-Y') ] f"=! (SI-S2+S3-S.) <P •• =!(ZI -Z2+Z3-Z,) <P'r=!(XI-X2+X3-X,)

<P50=! (SI-S2-S3+S.) <p6q=!(ZI-Z2-Z3+ Z.) '1' •• = l[XI-X2-X3+X.-v'J (YI-Y2-YS+Y') ]
The coordinates at Cd-1b and Cd-1e are obtained from that of Cd-1a by positive and negative threefold rotations around [111J axis. The coordinates at Cd-ia, ib, ie, (i = 2, 3, 4) are obtained from the set i = 1 by twofold rotations around X o, Yo, and Zo axes. 
where a, .B, and "Yare numerical constants usually known as "mixing coefficients"; <P's and x's are, respectively, the linear combinations of nearest and nextnearest ligand orbitals which belong to the same irreducible representation as the corresponding d orbital. The explicit forms of <P's and x's are given in Table I 
The Hamiltonian Jesh! can be divided into two parts: (i) contact interaction and (ii) dipole interaction.
i. Contact Interaction
The one-electron Hamiltonian for this interaction is given by (13) n ii. Dipole Interaction
The one-electron Hamiltonian for this interaction is given by the first two terms in Eq. (9) 
where s is the eigenvalue of S. Thus from Eq. (11) we have
n Hence A.n can be written as
Contributions from the manganese and tellurium orbitals to the matrix element are negligible compared to that from the s orbital of Cadmium n. Thus we have (17) where I R.(O) I represents the value of the cadmium 5s orbital at its nucleus, and 'Ye., 'Yts are the mixing coefficients introduced in Eqs. (3)- (7).
The effect of spin polarization can be included in the above expression by replacing
the unpaired spin density at the nucleus when the cadmium Ss orbital is occupied by one electron. P. (O) can be related to the isotropic hyperfine structure constant of the cadmium ion Cd+
Thus finally we have
Of the atomic orbitals in D i , we need to consider only those of manganese, tellurium which is closest to Cadmium n, and Sp orbital of Cadmium n. The contributions from the first two orbitals can be treated semiclassically. We consider the electron densities centered at manganese and tellurium ions as concentrated at the nuclei and treat the interaction with cadmium nuclear spin as point dipole-dipole interaction. The contribution from Sp orbital of cadmium n can be calculated by an operator equivalence technique. Thus we have for the diagonal component of AD n ,
and for the off-diagonal component
2 ) } (2S) (~, 7/=X, y, z) , where RMc and RTC are the distances from manganese and tellurium to Cadmium n, and O~, cf>e are the angles between RMC, RTc, and ~ axis.
In applying these general formulas to cadmium ions at different sites, we notice that if the components of An are referred to the coordinates (Xo, Yo, Zo) of the central ion, the expressions will be different for each site. However, if the components are referred to the coordinates (Xn, Y n , Zn) fixed at the ligand n, then the expressions are identical for all of the twelve sites.
Introducing the following abbreviations: Therefore we first derive the expressions of the components with respect to ligand coordinates and then transform the results into the components with respect to the coordinates of the central ion. The latter coordinates are the ones to which experimental observations are referred. For simplicity of sUbscript let us use (11", J/., /1) 
A C =-/r;f3egnf3N (r-3 >5p(h.,,2+htu 2 ) ,
we have the shf tensor An with respect to (11", J/., /1),
The tensor components with respect to coordinates (X, Y, Z) can be obtained from Eq. (29) and the transformation matrices given in Eq. (2) 
-2A+ (+--+)(3A+-A_) Aa= (+--+)(3A+-A_) A.+A+ (+-+-)(3A+-A_) (++--)(A_)
for b-type cadmium,
Ab= (+--+)(3A+-A_) A.-2A+ (+-+-)(A_) (++--)(3A+-A_)
for c-type cadmium, [
A.+A+ (+--+)(A_)
Ac= (+--+)(A_) A.+A+ (+-+-) (3A+-A_) (++--)(3A+-A_) (+-+-)(3A+-A_)] (++--)(A_) ;
A.+A+ (+-+-)(A_) ] (++--)(3A+-A_) ;
A.+A+
(+-+-)(3A+-A_)] (++--)(3A+-A_) .
A.-2A+
The four ± signs preceding the off-diagonal elements are for la, 2a, 3a, 4a, etc.
cadmium nuclear spins I" with the unpaired electrons and external magnetic field Ho is
In total we have three independent parameters, A., A+, and A_. We discuss the relations between these parameters and the experimental observables in the following sections.
nI. SHFS IN ESR SPECTRA
In natural cadmium only about 25% of nuclei have nonzero spin 1= t. The magnetic moments of lllCd( -0.5922 f3N) and 113Cd ( -0.6195 (3N) are nearly equal. We treat them as identical in the following discussion.
The spin Hamiltonian describing the interaction of By introducing an effective magnetic field Heft"
where h is the unit vector in the direction of H o, and M. is the projection of S along h, the Hamiltonian Eq. (35) can be rewri tten as 
The electronic states specified by a set of quantum numbers (M., M r, mIa, mIb, "', m4b, m4c) are split by this perturbation. The splitting can be calculated by degenerate perturbation theory. However, for natural cadmium, even for the most probable case of three nonzero spin nuclei out of 12, the perturbation theory leads to 8X8 secular determinant. Moreover, the probabilities of having four and five nonzero spin ligands are 1 and ~, respectively, of the most probable case and hence cannot be ignored. It is quite complicated to analyze such a spectrum. However, we can assume that each ligand nuclear spin is independent, and treat the splitting due to each ligand spin separately first, and then sum up the total splittings.
For a-and b-type ligands, the 2X2 secular equation leads to the splitting ±dEab=t{ [ -gn{jNHo+M.(A.+A+ 
Thus the frequency of ESR transition dM.= ±1, dMr=O, dJ.l.n=O, is given by hV (J.l.ab, ~hvo+J.l.ab(A.+ A+) +J.l.c(A.-2A+) , (46) where dE ' ab, dE' c are the values of dEab, dEc for M'.=M.±1.
The above result shows that the hf line hvo is split into 17X9= 153 shf lines. However because of the high abundance of spinless nuclei, the higher values of J.l.ab, J.l.c are less probable and these lines are not expected to be observable.
The relative intensity of the line hv (J.l.ab, J.l.c) can be expressed as
(47) where (48) is the probability of having n nonzero spin ligands out of twelve, j is the natural abundance of nonzero spin cadmium, and
is the probability of having k nuclei of ab type and n-k nuclei of c type out of n nonzero spin nuclei in total. The summation over k is to be taken from k= 2 I J. l. ab I to the lesser of 8 and n-2 I J.l.c I, in steps of 2. Some larger values of I (J.l.ab, J.I,c) are given in Table II . Equation (47) is a generalization of the expression given by Lambe and Kikuchi,2 in which anisotropy in An tensor is not observed and hence all 12 sites are equivalent.
IV. SHFS IN ENDOR SPECTRA
In END OR, we observe the transition dM.=O, dMr=±l, where I may be either the impurity-ion nuclear spin or ligand nuclear spin. For the latter case, the transitions between shf levels (Fig. 2) are observed. Since M. does not change in such transitions, the direction of effective magnetic field H eff , Eq. (36), unlike the case of ESR, does not change after transition. Therefore, we can describe the ligand spin states by taking the direction of effective magnetic field as the direction of quantization axis Z'. Then the Hamiltonian Eq. (37) reduces into the form
The frequency of transition between the levels (M., M r , "', mn, ... ) and (M., Mr, "', mn±l, ... ) is given by hVn=gnf3N I Heffn I. 
Using the expressions of An given in Eqs. (32), (33), and (34) (and also from the symmetry of the complex) we find four nonequivalent sets of ligands, and hence four different frequencies. For the transition of the set (la, lb, 4a, 4b) hVl= {gn 2 f3N 2 Ho2
For the set (2a, 2b, 3a, 3b)
For the set (le, 4e),
For the set C2e, 3e),
The intensity ratio of the four lines is 2: 2: 1: 1.
The transition frequencies for Ho in other directions
can be obtained in the same way. from optical spectra,9 we have for the average probability that one d electron of manganese being found in the cadmium 5s orbital (57) The fact that the Cd shfs constants are almost the same in CdS, CdSe, and CdTe, and the fact that the Zn shfs constant is smaller than the Cd shfs constant by a factor equal to the ratio of the nuclear magnetic moments of the two elements show that the amounts of the d-electron delocalization into the next-nearest ligand s orbitals are the same in all of these crystals in spite of the increase in the lattice constants from sulfide to telluride. In a paper on the mechanism of shfs in 8 Sn02: V4+ the authors derived the detailed expression for the amount of delocalization from the LCAO-MO theory. Two mechanisms are found to contribute to this delocalization: the direct interaction between the metal d orbital and the next-nearest ligand orbital; and the indirect interaction through the nearest ligand orbitals. In case of Sn02: V4+, the direct interaction was found to be the dominant one. The indirect interaction is proportional to the square of the overlap integral between the two orbitals and hence will decrease as the lattice constant increases. The indirect interaction depends on the species at the nearestneighbor sites. An important fact is that the atomic orbital energies of the nearest ligands get closer to that of Mn d orbital as we go from sulfur to tellurium. This means that the indirect contribution increases in the direction and just compensates for the decrease of the direct interaction. This is equivalent to the increase in the covalency from sulfide to telluride mentioned by Schneider et al. 4 Thus we can conclude that in AIlBvI compounds, not only the direct interaction but also the indirect interaction gives important contributions.
In ENDOR experiment on CdTe:Cr+, Ludwig and This gives 0.51 % for the average probability that one chromium d electron being found in the cadmium 5s.
Comparison with Eq. (57) shows that chromium d electrons are more delocalized than manganese electrons. This is in the correct direction as nuclear charges are compared. However, the increase in the overlap integral alone cannot account for this much increase. This also shows that the indirect interaction is as important as the direct interaction. By identifying the observed four frequencies to the expressions Eqs. (53)- (56), parameters A+, A_ can be determined. However the observed frequencies are so close to each other that this calculation can give only" of the order of magnitude" values. The important results are (i) A+=t(AM+Ac) is very small.
(ii) A_=3A++AT~AT is about 0.2 Mc/sec. This value gives 25% for the probability of a d electron being found in tellurium orbitals.
The fact that AT is the largest among the three (AM, Ac, AT) dipole-interaction components has an important meaning. It can be seen from Eq. (29) 
(58)
Since A_~AT, we get tan2{3= 2V2. This gives {3= 36°, which is remarkably close to the experimental result 5 of {3=37°.
The smallness of A+ is the reason that the anisotropy is not observed in ESR experiments with Ho II [100].
In the transition energy, Eq. (46), only A+ but not A_ appears in the first-order terms. Observations with the external field in other directions (e.g., [110J) should show the anisotropy more easily. We have seen that the attempt to deduce the amount of delocalization from shfs data as developed in this work necessitates further information such as the value of ACd+ in crystals and refined measurement of transition frequencies.
